. Phytoremediation of petroleum hydrocarbon using three mangrove species applied through tidal bioreactor. . Mangrove is important component in coastal ecosystems that often faces environmental pollution including industrial waste, particularly oil waste (petroleum hydrocarbon). This study was aimed to analyze the growth, anatomical, and physiological responses of three mangroves species to petroleum hydrocarbon contaminant applied using tidal bioreactor (ebb flow system) as a model of sea-shore environmental condition. The experiment was carried out using completely randomized design with two factors i.e.: three species of mangrove (Rhizophora sp., Avicennia sp. and Bruguiera sp.) and four levels of petroleum concentration (0%, 10%, 20% and 30%) exposed using tidal bioreactor for 30 days. The parameters observed in this experiment were plant viability, total petroleum hydrocarbon (TPH) of media, plant growth, pH of media and roots malondialdehyde (MDA) content. Leaf anatomy was also analyzed to distinguish accumulation and translocation of oil compounds into leaf tissues. After 30 days of treatments, Rhizophora sp. had the highest viability and was able to reduce the higher level of TPH in the media compared to those of Avicennia sp. and Bruguiera sp. Petroleum hydrocarbon treatment caused the decrease of shoot and root growth of all species, as well as pH of the media, while it significantly increased malondialdehyde of the roots. Anatomical data showed that petroleum hydrocarbon was absorbed and translocated into the guard cell of the stomata. The result shows that Rhizophora sp. was the most tolerant mangrove species to petroleum hydrocarbon compared to Avicennia sp. and Bruguiera sp., indicated by its survival, the decrease of petroleum hydrocarbon in the sediment, and lower MDA content.
INTRODUCTION
Riau Province, Indonesia has mangrove forest area more than 120,000 ha (BPS 2016) , where 14062.50 ha are in Dumai City (BPS 2013) . The area of the forest had been declining for a long time due to human activities around the forest. The data presented by research team of Yayasan Laksamana Samudera for example, showed that within 4 years (1998) (1999) (2000) (2001) (2002) mangrove forest in Dumai had been lost more than 471 ha, which was similar to a decrease of 7.99 percent (PAB 2014) . This decrease might be caused by human activities including oil industry activities around this area and even oil carrier crashed that may happened, which resulted in various environmental and economic losses and the decrease of carrying capacity of the natural resources around the city. Process of drilling and refining of oil sometimes also produces oil sludge, which is among the dangerous pollutants contaminating the surface of water in mangrove forest..
Among those pollutants,, petroleum hydrocarbon is one of the most common organic pollutant groups that is persistent in the environment, which is normally quantified with a common parameter known as Total Petroleum Hydrocarbon (TPH) (Suhardi 2014) . Hydrocarbon derivatives such as gasoline, kerosene, paraffin, asphalt, and others are also commonly used by the community, risking spills to the environment. All of those conditions may have big impact on the surface layers, surface water and groundwater sources (Notodarmojo 2005; Cubillos et al. 2014) . Therefore, some efforts to restore the coastal environment are urgently needed in order to maintain the ecological ecosystem balance.
Phytoremediation has been promoted as a potential method that becomes a better alternative due to its efficiency, affordability, and contribution to environmental safety (Espinosa et al. 2005) . Phytoremediation is a part of biotechnology that utilizes physiological processes in plant body to increase the degradation and reduction of organic as well as inorganic contaminants from the soil, water and groundwater medium (EPA 2000) . Phytoremediation may utilize various plants including grasses (Glick 2010) , shrubs (Altinözlü et al. 2012) , trees (Setyaningsih et al. 2007; He et al. 2013) as well as aquatic plants (Rai 2008; Sakakibara et al. 2011). In Dumai, mangrove is one of important component in coastal ecosystems that often face environmental pollution derives from oil industry waste or even oil tanker accidents. In this area, mangrove plants have important role to improve the environment in coastal area, and therefore the plants can be used in phytoremediation program. Previous study suggested that some mangrove species such as Rhizophora sp. and Avicennia sp were able to be used in phytoremediation because they had absorbent characteristics and were not sensitive to the presence of TPH in the sediment (Moreira et al. 2011) . The tolerance level of those species sometimes is associated with their capacity to adjust their structural and physiological changes in response to unfavorable environments. As an example, 787 Diab and Bolus (2012) noted that the anatomy of Avicennia marina was changed due to the presence of oil pollutants stored in the leaf and plant roots. Other species may have different mechanism in response to pollutants. This study aimed to analyze the growth, anatomical and physiological responses of three mangrove species to petroleum hydrocarbon contaminant applied using ebb flow system to investigate the mechanism of tolerance and the prospect for phytoremediation.
MATERIALS AND METHODS

Sediment and oil preparation
Sediment that was used in this study was collected from the Mangrove Conservation Area of Bandar Bakau, Dumai City, Riau, Indonesia. Sediment samples were collected randomly from five sites. The samples were filtered and separated from rocks, and plant materials then mixed together in a plastic container to ensure uniformity. Oil pollutant that was used in this study was obtained from National Oil Company Pertamina Ltd. RU II Dumai.
Procedures
Mangrove seedling preparation
In this study, mangrove seedlings were prepared from the propagules obtained from the Conservation Area of Bandar Bakau Dumai. Three species of mangroves were used in the experiment, i.e., Rhizophora sp., Avicennia sp., and Bruguiera sp. Three months old seedlings were acclimatized for 1 week in the bioreactor before being treated with petroleum hydrocarbons.
Experimental design
This study was carried out using Completely Randomized Design with two factors, i.e., three mangrove plants (Rhizophora sp., Avicennia sp. and Bruguiera sp.) and four levels of petroleum concentration (0%, 10%, 20% and 30 %) with 5 replications.
Tidal bioreactor for planting
Tidal bioreactor was designed to resemble the tidal conditions in mangrove ecosystem environment by applying the tidal hydroponic system (ebb flow system) with 2 times ebb and 2 times flow, each of which was running for 6 hours as shown in Figure 1 . 
Plant growth measurement
Plant growth was observed by measuring plant height, the number of new roots and viability of the mangrove plant. Plant height was measured from the base of stem to the top of the shoot. Mangrove viability was calculated from the number of plants that were still alive after 30 days of treatment. Plant morphology including the changes of leaves color was also observed during the application with TPH treatments.
TPHs Determination
Total petroleum hydrocarbons (TPHs) in soil were determined using the EPA 418.1 method (EPA 2000) . The grinded soil samples were weighed 5 grams in vials, then 2 g of sodium sulfate and 10 mL of TCE (Tetrachloroethylene) were added and stirred for 1 hour. Samples were allowed to stand for 1 minute to separate residues and solvents. The solvent layer was poured on a column that had been filled with 2 g of silica gel 70-230 mesh and then the absorbance of the solution was measured using IR spectrophotometer HC-404. The absorbance was recorded and the solution was diluted if the absorbance was more than 2.00. The TPH value was calculated as follow:
TPH = Cx fp TPH = %TPH x 10000
Where: C is the measured level (mg/L) fp is the dilution factor
PH measurement
The pH measurements of the medium were carried out using a digital pH meter at the beginning and the end of the experiment. Calibration was carried out using a buffer solution at pH 4 and 7. The changes of pH value were calculated from the initial pH minus the final pH of the study.
Lipid peroxidation analysis
Malondialdehyde (MDA) level is a common parameter to evaluate lipid peroxidation in membranes and biological systems, as well as indicators of free-radical formation in plant tissues (Halliwell and Chirico 1993) . Lipid peroxidation was calculated by measuring the level of MDA using the method described by (Meriga et al. 2010 ). The 0.3 g of roots were weighed and homogenized with mortar, after which 5 ml of 0.1% TCA was added and centrifuged at 10000 x G for 5 min. After centrifugation, 1 ml of supernatant was mixed with 4 ml of 0.1% thiobarbituric acid in 20% TCA, and the mixture was incubated in boiling water for 30 min. Absorbance was measured using a spectrophotometer (Genesys Thermospectronic, USA) at 532 nm wavelength and adjusted for non-specific absorbance at 600 nm. The difference in absorbance at both wavelengths is the value of MDA concentration as the lipid peroxidation end product. The MDA content was estimated by using the 155 (mmol/L/cm) extinction coefficient.
Histochemical analysis of leaves and roots tissues
Preparation of leaf paradermal tissues was carried out by scraping adaxial parts of the leaves to get the abaxial samples. The preparation of leaf and roots transversal section was carried out by cutting leaves and roots using a frozen microtome (Yamato RV-240) with a thickness of 17-20 μm. The leaf sections were immersed to 70% ethanol for 1 min then stained in filtered solutions of Sudan IV in 70% ethanol for 30 min at 40 o C in water bath, and washed rapidly with 70% ethanol (Boix et al. 2011) . The section was placed in the object glass and closed by cover glass after added by glycerin. Samples were examined, and the photograph was taken using a light microscope camera (Olympus CX23 Microscope).
Data analysis
All quantitative data were analyzed using SPSS 22.0 to examined Analysis of Variance (ANOVA), followed by further analysis using Duncan's New Multiple Range Test (DNMRT) at α = 5% to verify the response of mangrove species to petroleum treatment.
RESULTS AND DISCUSSION
Plant viability and TPH of the media
Petroleum treatment applied using tidal bioreactor significantly reduced plant growth and viability or survival depending on mangrove species and TPH concentration. The data related to the response of these plants and TPH concentration in the media is presented in Table 1 . After 30 days of petroleum treatment, Rhizophora sp. had the highest survival rate which reached 100% followed by Bruguiera sp. and Avicennia sp., that was 65% and 60%, respectively ( Table 1 ). The treatment of oil in the media with various concentrations did not affect the survival rate of Rhizophora sp.; while, it decreased that of the others significantly even until 20% for Avicennia sp. (Table 1 ), suggesting that Rhizophora sp. was more resistant and adaptable to oil pollutant in the media than the other two species. Some chlorotic symptoms were observed on the leaves of Bruguiera sp. and Avicennia sp, which led to the death of some sample plants before 30 days. All the remaining plants that survive were able to grow well after experiment when they were transplanted to the normal media.
The observation of the media after 30 days of the treatment showed that residual TPH content in the media was varied depending on mangrove species. The lowest residual TPH was found in Rhizophora sp. (15.65 ppm) followed by Avicennia sp. and Bruguiera sp., i.e., 26.98 ppm and 32.44 ppm, respectively ( Figure 2 ). This indicated that Rhizophora sp. had the ability to reduce TPH content of the media more than the other two species. Higher reduction of TPH content in the media of Rhizophora sp. confirmed the ability of the species to reduce hydrocarbon contaminant from its environment ( Figure 2) .
The growth of mangrove
The response of mangrove to TPH treatments was also observed by measuring parameters of growth, including the increase of plant height and the number of new roots appeared during the treatment. The decrease of plant growth calculated from plant height was occurred in the three species of mangrove in response to petroleum concentration where Avicennia sp. had the largest reduction at 30% petroleum concentration (Figure 3) . Rhizophora sp. had the lowest growth rate compared to the other two species, while the growth of Bruguiera sp. was average. Different from Rhizophora sp. and Avicennia sp., growth reduction of Bruguiera sp. was not significantly different as compared to that of control plants (0% of petroleum) in response to petroleum treatment up to 30% concentration (Figure 3 ). Petroleum treatment not only affected the shoot growth, but also involved in the emergence of new roots, the important organs required to absorb water and nutrients. The result showed that there was a decrease in the number of new roots that emerged after 30 days of petroleum treatment (Figure 4) . Rhizophora sp. and Avicennia sp. had relatively equal number of new roots at control level, but in the TPH treatment, Rhizophora sp. had more new roots than Avicennia sp. The number of new roots in Bruguiera sp. was less than in Rhizophora sp. and Avicennia sp., both in the control and petroleum treatments. Bruguiera sp. had the slowest root growth compared to the others, but the decrease of root growth was not significantly different in response to petroleum treatments. Based on the data of shoot and root growth, it can be seen that petroleum treatment had a varied influence in mangrove growth, where the roots were more sensitive to the presence of petroleum hydrocarbon compounds compared to the shoots.
The changes of pH of planting medium
In general, petroleum treatment during 30 days decreased pH of the media. The decrease of pH occurred in all mangrove species treated with different petroleum concentrations. The decrease of pH medium in treated plants was higher than that in the control plants, except in Avicennia sp. In Rhizophora sp. and Bruguiera sp. the pH of the media treated with petroleum was more acidic than the control media, where the higher concentration of petroleum tended to reduce pH of the mangrove medium more (Table 2) .
Lipid peroxidation analysis
The negative effect of petroleum treatment was also observed, indicated by the increase of malondialdehyde (MDA) content in the root tissues of all mangrove species which suggested the occurrence of lipid peroxidation. The increase of MDA levels occurred in line with the increase of petroleum concentration observed in all mangrove species. The increase of MDA levels in the roots indicated that the plants underwent stress due to the petroleum treatment. Three species of mangroves showed different responses to the petroleum treatment; the content of MDA in the roots of Rhizophora sp. was lower than that of Avicennia sp. and Bruguiera sp. under all petroleum treatments. The MDA of Bruguiera sp. was the highest among the three species in almost all treatments ( Figure 5 ).
Histochemical analysis of leaves and roots tissues
Anatomical analysis of mangrove leaves was carried out to observe the absorption, distribution and accumulation of hydrocarbon compounds into the plant tissues especially in the leaf tissues, including stomata. The accumulation of petroleum hydrocarbon compounds in all mangrove species was found in roots and leaves. The observation of paradermal tissues using Sudan IV solution showed that petroleum accumulation was occurred in mangrove leaves. The accumulation of petroleum was observed in adaxial as well as abaxial of epidermal leaves of all mangrove species, which was marked by the appearance of yellowish-orange to red color in the object (Figures 6 and 7) . The accumulation of petroleum inside the leaves was clearly observed in the stomata of Rhizophora sp. and Bruguiera sp., while for Avicennia sp., the accumulation of petroleum in the stomata was not clearly visible because it was covered by heavy trichome on the leaf surface ( Figure 6.H) . Petroleum treatment also affected the color of trichome in Avicennia sp. in which the trichome of control plant was brighter compared to the mangroves treated with petroleum which had darker color ( Figures 6.F and H) . 
Discussion
The presence of hydrocarbon compounds in the media applied using tidal bioreactor caused disturbances to the mangrove plants, which was observed by the decrease of survived mangrove or mangrove viability after petroleum treatment. The higher viability revealed the better tolerance level of mangrove in response to TPH contaminant, as indicated by Rhizophora sp. (Table 1 ). The decrease of viability indicated the mortality rate of mangrove 1 month after exposure to petroleum treatment. The mortality of some mangrove species can also be observed by the presence of chlorosis and necrosis symptom, which leads to leaf abscission and even plant death (Data not shown). Symptoms of mangrove mortality such as leaf loss, drying bark and the appearance of fungi or bacteria was previously observed by other researchers (Pakpahan 1993) . The chlorosis symptom occurred due to the increase concentration of petroleum hydrocarbon compounds taken up by roots and accumulated inside the leaf. Chlorophyll damage and photosynthesis inhibition was also observed in mangrove treated by petroleum, which led to leaf abscission (Naidoo et al. 2010) . Symptoms of the damage appeared on the tip and root meristem which interfered with the function of the roots, whereas in the leave they occurred via dilation and distortion of the chloroplast (Naidoo and Naidoo 2016) .
The presence of petroleum hydrocarbon compounds in plant tissues also caused a significant increase of MDA level in the roots, which caused major damage to plant tissues ( Figure 5 ). The levels of MDA indicated the formation of ROS in the plant tissue and lipid peroxidation activity in the membrane (Halliwell and Chirico 1993) . The increased oxidative compounds due to hydrocarbon contaminant can interfere with carbon metabolism in the leaves, decrease root respiration and disrupt the water and ion relationships so that the plant growth becomes disrupted (Proffitt et al. 1995; Parida et al. 2004) . Even though the values varied among the three species, the increase of MDA levels was associated to the increase of petroleum concentration in all mangrove species, suggesting that the plants underwent stress due to the treatment. Excessive hydrocarbon compound taken up by the canopy probably induced the formation of oxidative reactions that were toxic and harmful to the cell, which inhibited growth of the canopy as well as the roots. Many evidences have been presented that hydrocarbon compounds in plants can induce ROS and will rapidly damage cells as well as biomolecules in plant bodies such as proteins, lipids and nucleic acids (Acworth and Bailey 1995) . Odjegba and Badejo (2013) also reported the increase of MDA levels in Rhizophora mangle in response to petroleum treatment with the concentration of 1%, 3% and 5% compared to control. The increase of ROS in plants is a general symptom of the plant's response to many environmental stresses such as drought, salinity, temperature, as well as hydrocarbon and heavy metal contaminants (Apel and Hirt 2004; Savicka and Skute 2010; Hamim et al. 2017a,b) . In general, there was an increase in MDA level of the root for all species, but Rhizophora sp. had the lowest MDA contents compared to Avicennia sp. and Bruguiera sp. ( Figure 5 ) which indicated that Rhizophora sp. was more tolerant than the other two species to hydrocarbon contaminant.
The differences of TPH content in the media at the end of the treatment indicated a different absorption ability and degradation of hydrocarbon compounds facilitated by mangrove plants as a function of phytoremediation. The lower residual TPH content in the media of Rhizophora sp. indicated that this species had ability to absorb and/or accelerate the degradation of TPH content from the media more than other species (Figure 1 ). This result is in accordance with Titiresmi and Handayani (2012), who found that the decrease of TPH content of the media occurred after 6 weeks of petroleum treatment in Rhizophora mucronata. Moreira et al. (2011) also suggested that Rhizophora mangle was more efficient in degrading different fractions of petroleum hydrocarbons and reducing the TPH content of the media compared to other plants.
The presence of petroleum hydrocarbon compounds also caused a decrease of pH in the media ( Table 2 ). The decrease of pH in the media might be caused by two factors: the secretion of organic acids by plants and the presence of compounds resulted from petroleum hydrocarbon degradation. A drastic pH decrease observed in the media of Rhizophora sp. due to the treatments might be associated with the secretion of acidic compounds or hydrocarbon degradation facilitated by this species. Pertiwi et al. (2013) noted that the degradation of hydrocarbon compounds produced several acidic compounds such as organic acids, methane, H2O, and CO 2 .
The presence of hydrocarbon compounds in the leaf tissue was clearly observed in the abaxial and adaxial of epidermal leaves, characterized by the appearance of a yellowish-orange to red color ( Figures 6 and 7) , suggesting that the hydrocarbon was translocated and accumulated into the leaves. For more specific, the accumulation of petroleum hydrocarbon compounds was clearly observed in guard cells of the stomata (Figure 6 ). This supports the assumption that petroleum hydrocarbon compounds were absorbed into the plant body and transferred to the leaf tissues and stomata in line with transpiration process. Farias et al. (2008) also found that the toxic component of the major crude oil entered the plant body through roots, followed by the stems and was accumulated in the leaf of Avicennia marina. Lotfinasabasl et al. (2013) also stated that high TPH concentration of the leaves indicating high petroleum hydrocarbon uptake capability by leaves of the Avicennia marina. Furthermore, the experiment also found that in abaxial leaf of Avicennia sp., the trichome color became darker after treated with petroleum, which indicated that TPH was probably deposited in this organ ( Figure 6 ). The color changes in trichome of Avicennia sp. and stomatal guard cells of Rhizophora sp. and Bruguiera sp. indicated that the petroleum hydrocarbon compound was absorbed by the roots and translocated or transported to the air through stomata guard cells and excreted through the trichome. In line with this, Diab and Bolus (2012) also found that petroleum treatment in Avicennia marina caused a dark color of the leaf trichome, which was assumed due to the deposition of certain foreign material into the plants.
The same symptom was also found in Salvinia molesta, which also showed the dark-colored of leaf trachoma, possibly due to the accumulation of petroleum in the trichome (Pertiwi et al. 2013) . Based on the parameters of leaf and root growth, plant viability, and MDA content, as well as visual symptoms, we concluded that Rhizophora sp. is more tolerant and adaptable to petroleum hydrocarbon contamination than Bruguiera sp. and Avicennia sp. and be able to be used for phytoremediation of petroleum hydrocarbon.
In conclusion, the treatment of petroleum hydrocarbons applied to mangrove plants in the tidal bioreactor system for 30 days led to a decrease in the growth of shoots and roots, and the pH of the media while it caused an increase of malondialdehyde (MDA) of mangrove roots. Rhizophora sp. had higher viability and was able to reduce TPH content of the media more than Avicennia sp. and Bruguiera sp. Anatomical data indicated that petroleum hydrocarbons were absorbed and translocated to the leaves and observed in guard cells of the stomata. Rhizophora sp. is the most tolerant species compared to Avicennia sp. and Bruguiera sp. characterized by their level of resistance to petroleum treatment, the lower MDA content of the root and its higher ability to reduce petroleum hydrocarbons in the sediment.
